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Abstract: Cladding-pumped solid-core photonic bandgap Raman fiber 
amplifiers are analyzed theoretically as possible candidates for power 
scaling. An example fiber design with a mode field diameter of 46 µm and a 
cladding diameter of 250 µm is calculated to exhibit 0.12 dB/km of 
confinement loss at the first Stokes wavelength and >10 dB/m at the second 
Stokes wavelength for a pump wavelength of 1.567 µm while maintaining 
low loss and large mode area in realistic coiling configurations. A Raman 
amplifier based on this fiber with 85 kW of output power, 78% optical 
conversion efficiency, a maximum heat load of 130 W/m, and a length of 
235 m is simulated. 
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1. Introduction 

Recently an upper limit of ~40 kW has been proposed for the average power achievable using 
double-clad fiber lasers under a set of reasonable assumptions [1]. The power was found to be 
limited by thermal lensing and stimulated Raman scattering (SRS) regardless of the 
achievable mode field area. Solutions mitigating these limits would in theory enable further 
power scaling. 

W-type, dual-hole assisted, and solid-core photonic bandgap fibers (SCPBGF) have been 
investigated as possible means to increase the SRS threshold in fibers [2–4]. Of these 
approaches, SCPBGF have enabled the largest mode field area of 413 µm2 [4] compared to 
155 µm2 for a proposed w-type fiber [2] and 78 µm2 for the dual hole-assisted fiber [3]. 
Optimization of w-type fiber designs for SRS suppression depends on balancing mode field 
area against spectral filtering cutoff sharpness [2]. In contrast, core size does not affect the 
spectral filtering cutoff properties of PBGF which are rather determined by the resonance 
properties of high index inclusions comprising the cladding structure [5]. Therefore SCPBGF 
represent an opportunity for mode field area scaling in SRS-suppressing fibers. 

Mitigation of thermal lensing has received less attention due to its relative unimportance 
so far. One proposed approach has been to depress the core refractive index in a photonic 
crystal fiber relative to the cladding so that the thermal lens causes the core index to approach 
that of the cladding at high thermal loads [6]. In order to reach the thermal lens and SRS 
limits, a mode field diameter of 90 µm was determined necessary [1]. Single transverse mode 
operation is difficult to achieve for mode field diameters this large. One of the main reasons is 
that it is difficult to achieve a highly uniform refractive index profile in a doped core [1]. 
Minimum index variations on the order of 104 achievable with state-of-the-art manufacturing 
methods [7] cannot ensure the stability of the fundamental mode in such large cores. 

Raman fiber amplifiers (RFA), in contrast, do not require doped cores. While core-
pumped Raman fiber amplifiers are useful for generating wavelengths inaccessible with rare 
earth fibers, they offer no increase in brightness beyond that of the pump source unless 
pumped from both ends in which case a modest brightness gain of less than 2 is possible. 
Cladding-pumped Raman fiber amplifiers (CPRFA) do however enable an increase in 
brightness [8–10]. CPRFA rely on a dual-waveguide structure wherein the Raman pump 
propagates in the outer waveguide, or pump cladding, while the Stokes is amplified within the 
inner waveguide, or core. The brightness gain advantage of CPRFA over core-pumped RFA 
arises from the ability to couple more pump power to the larger pump cladding which also 
typically has a high numerical aperture. 

The growth of the second Stokes wave, which is seeded by noise and core-pumped, limits 
the brightness enhancement as well as the total amount of pump power that can be converted 
into the first Stokes wave [8–10]. One method of extending the brightness enhancement limit 
is to employ a fiber design that exhibits high loss at the second Stokes wavelength and low 
loss at the first Stokes wavelength [9,10]. However, this approach is subject to the same 
tradeoffs between mode field area and induced Stokes loss as rare earth doped SRS 
suppressing fibers. One additional benefit of CPRFA is that they require very long fiber 
lengths therefore they create a modest heat load even for very high average powers thus 
mitigating thermal lensing [10]. 
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This work argues that solid-core photonic bandgap fibers with low loss at the first Stokes 
wavelength and very high loss at the second Stokes wavelength can enable power scaling of 
cladding-pumped Raman fiber lasers and amplifiers as proposed previously [8]. General 
considerations of this approach are discussed and then a candidate SCPBGF design is 
analyzed theoretically and evaluated with respect to its anticipated capabilities and usefulness 
in a CPRFA. 

2. General considerations 

Desired characteristics of fiber sources include high power, high efficiency and good beam 
quality. The optical conversion efficiency of a CPRFA is determined by pump and Stokes 
material and waveguide losses and completeness of pump conversion [8,9]. For sufficiently 
strong second Stokes suppression, long fibers enable a large fraction of the pump to be 
converted to the first Stokes wavelength [8–10]. The present study is focused on fibers with a 
pump wavelength of 1.567 µm with first and second Stokes wavelengths of 1.683 µm and 
1.818 µm respectively based on the Raman wavenumber shift of 440 cm1 for fused silica [11] 
and the signal wavelength of a reported high-power Er-Yb fiber source [12]. Fused silica 
fibers exhibit the lowest material loss in the telecommunications band near 1.550 µm [13]. 
These wavelengths also present a reduced risk of eye injury [14]. 

The maximum pump power that can be launched into the fiber cladding is a function of 
the pump source brightness and the diameter and numerical aperture of the pump cladding. 
Diode-pumped double-clad rare earth fiber lasers are attractive candidates for pump sources. 
The power that can be coupled from multiple single transverse mode (STM) fiber sources into 
a multi-mode pump cladding may be derived by considering the divergence angle of the freely 
propagating output of a STM fiber. Brightness conversion then limits the pumping power to 

 
2

cl cl
cl 2

,p

d NA
P P





 
 
 

 (1) 

where dcl and NAcl are the diameter and numerical aperture of the pump cladding, λ is the 
pump wavelength, and Pp is the power available from each STM fiber pump source. It is 
important to realize that this expression does not assume coherent combination of the STM 
fiber sources. If the Raman amplification process converts this power to a STM Stokes beam 
with conversion efficiency ηc then the brightness enhancement is limited 
to  

2

cl clc / 2d NAB   as shown previously [9]. 
In SCPBGF used in CPRFA not all of the power launched into the cladding is available 

for Raman pumping. Some pump light is confined to modes guided in the high index cladding 
structure that have poor overlap with the core region. The fraction of trapped light increases as 
the total area and refractive index of all high index cladding features increases. Assuming that 
the cladding is uniformly-pumped at its maximum numerical aperture and that the photonic 
band gap (PBG) structure comprised of a triangular array of cylindrical inclusions occupies 
the majority of the pump cladding results in the following expression for a lower limit for the 
pump injection efficiency: 
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where Ni is the number of inclusions, Ai is the area occupied by one inclusion, NAi is the 
numerical aperture of the inclusions, Acl is the cladding area, d is the inclusion diameter, Λ is 
the lattice pitch, n is the background refractive index, Δn is the index step of the inclusions, 
and NAcl is the numerical aperture of the pump cladding. This expression predicts the pump 
efficiency to be at least 78% for the cladding-pumped Yb-doped PBGF described in [15] 
while 88% was observed. The better efficiency is attributable to the pump cladding region 
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beyond the PBG structure. In this case, the high pump cladding numerical aperture 
significantly enhances the efficiency. 

To achieve high efficiency, the signal core of the fiber must exhibit low signal loss at the 
first Stokes wavelength. Waveguide confinement loss and material loss contribute to the total 
loss. Although theoretical confinement losses below 105 dB/km have been reported for 
SCPBGF [16], the best experimental result to date has been 2 dB/km at 1.310 µm [17] of 
which 1.2 dB/km was attributed to material losses due to water contamination. It is believed 
that improvements in the manufacturing process can decrease the loss further [17]. Low-loss 
fibers have also incorporated graded index (GRIN) high index regions [17,18]. Improvements 
in the manufacturing process of index guiding photonic crystal fibers have decreased 
experimentally observed loss to 0.37 dB/km near 1.550 µm [19]. One of the keys to low loss 
in these fibers is the minimization of surface roughness at the boundaries of the air holes. This 
suggests that GRIN inclusions in SCPBGF may help decrease loss by minimizing roughness 
at the inclusion boundaries. An additional benefit of employing parabolic GRIN inclusions is 
that they enable highly reduced bend-induced mode field distortion within each inclusion [20] 
thus rendering the cladding photonic band structure more stable overall against bending. 

One prerequisite for low confinement loss in SCPBGF is adequate cladding thickness [16]. 
Increasing the thickness of the cladding decreases the pump intensity for a given pump 
brightness however. Furthermore, it necessitates a larger pump cladding thus placing a more 
stringent high loss requirement on the second Stokes [10]. The depth and order of the chosen 
bandgap also influences the confinement loss. Signals guided in higher-order bandgaps 
exhibit lower loss [16]. For high order bandgaps to exist in the cladding, the inclusions 
forming the PBG structure must support a large number of guided modes which requires that 
they have relatively high numerical aperture and large diameter. Another method of 
decreasing loss is to introduce air holes into the PBG structure [21]. Considering these factors, 
it is reasonable to expect that a loss of 1 dB/km for a SCPBGF operating further into the infra-
red material loss regime at 1.683 µm is possible. This was also the loss value assumed in a 
recent theoretical analysis of CPRFLs employing a w-type fiber [9]. 

The possibility that the PBG cladding structure would exhibit SRS thus depleting the 
pump and decreasing efficiency also requires attention. The array of cylindrical high index 
inclusions may be thought of as a multi-core fiber that can exhibit amplification of noise 
through the Raman process. This can compete with the amplification of the desired signal. 
This situation is exacerbated by the fact that germanosilicate glass typically used to form the 
high-index inclusions generally exhibits a significantly higher Raman gain coefficient than 
pure fused silica [22]. 

Although SCPBGF-based CPRFA can mitigate SRS and thermal lensing, the bulk damage 
threshold may still limit the achievable output power. Although a maximum average intensity 
of 10 W/µm2 was assumed in a previous analysis of fiber laser power scaling [9], almost 2 
kW/µm2 has been demonstrated in a fiber source with ~1 ns pulse duration [23]. This is 
consistent with recent bulk damage threshold measurements in silica [24]. This suggests that a 
slow-onset process such as heating would ultimately be responsible for bulk damage. 

Fibers with increasingly large core diameters support increasing numbers of guided modes 
that are detrimental to output beam quality. Furthermore, they become affected by bend-
induced mode distortion [20]. Also, unintended variations in the core refractive index of 
doped fibers limit the degree to which the profile may be manipulated to reduce the number of 
guided modes [1]. It is important to understand how removing this last limitation can affect 
the capabilities of SCPBGF-based CPRFL. One method of improving the beam quality of 
few-moded fibers is to attempt to induce preferential loss in the higher order modes. 
Alternatively an input beam may be matched to the fundamental mode of the core and steps 
taken to reduce coupling into other guided modes. 

One of the primary causes of mode coupling in large-core fibers is bend-induced effective 
refractive index profile change. This mechanism has been studied extensively in the context of 
microbend losses in single-mode fibers [25]. If the variation of the curvature radius is gradual 
enough, then the adiabatic approximation applies and mode coupling will be absent. The 
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conditions under which this is the case may be found by solving the scalar paraxial wave 
equation 
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in the limit that the refractive index profile varies gradually along the fiber. In Eq. (3), ψ is a 
function of position and represents the slowly-varying envelope of the electric field within the 
fiber, β is a chosen propagation constant, 

0
k c is the propagation constant in a vacuum, and 

n(x,y) is the refractive index profile. This equation is analogous to the time dependent 
Schrödinger equation with time being replaced by propagation distance and the value of ħ 
being set to 1. The detailed procedure for deriving the adiabatic limit is described elsewhere 
[26]. Restricting the system to two transverse modes, the adiabatic condition thus arrived at is 

 
 

2

1
1,i

i j

i j

d
x

dz R


 
 

 
 
 

 (4) 

where βi and βj are the propagation constants of the two modes, i and j are their normalized 
field profiles in the scalar approximation, the angular brackets represent integration over the 
fiber cross-section, R is the effective radius of curvature, z is the axis of propagation, and the 
effective index profile 
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has been assumed [16,27,36]. It is evident from Eq. (3) and (5) that the role of the time 
dependent part of the quantum mechanical Hamiltonian operator is represented in the present 
case by 
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Equation (4) may be simplified considerably if the two modes are assumed to be LP01 and 
LP11 in which case the term with the integral may be approximated roughly by the diameter a 
of the fiber core. Furthermore, assuming that the two values of β are separated by a small 
value  

eff
2 n     , where neff is the effective index, the adiabatic condition becomes 
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If the fiber can be maintained in a configuration satisfying Eq. (7), then it is reasonable to 
expect that it may be free from bending induced mode coupling. 

Another cause of mode coupling is modal interference [28]. In this case, the quantum 
mechanical analog of the fiber is a two-level system under the influence of a resonant 
harmonic perturbation. Therefore the paraxial spatial frequency at which power is transferred 
through modal coupling in the fiber is analogous to the Rabi oscillation frequency [26]. In this 
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case, modal interference causes a change in local refractive index along the fiber that may be 
approximated using the interference term between the two modes being coupled yielding 

      0 c( , , ) , , sin ,i j i jn x y z n A x y x y z       
 

 (8) 

where the constant Δn0 represents the maximum amplitude of local refractive index change 
which depends on the signal power, the distribution of power between the modes, and the 
modulation mechanism. The exact functional form relating the interference term to the 
refractive index change also depends on the modulation mechanism [28]. In the present case 
this would most likely be thermal refractive index change. Also the factor Ac is the area within 
the core in which the refractive index change occurs such that 
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This definition of Ac causes the maximum local amplitude of Δn to be Δn0. The units are 
area due to the normalization of the field profiles. Invoking the rotating wave approximation 
[26], valid because the modal beating occurs on a length scale much shorter than the transfer 
length LT, reduces Eq. (3) to a set of linear coupled differential equations describing power 
transfer back and forth between the two transverse modes [26] with a spatial period or transfer 
length of 
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where Aij is the effective inter-modal area [29] and βT is the paraxial analog of the Rabi 
frequency [26]. Equation (10) could also be derived using coupled mode theory [27]. 
Applying this equation to a situation similar to a fiber amplifier previously studied [28] with a 
core diameter of 80 µm operating at 1.064 µm yields the values Δn04 × 106, A12 = 6200 
µm2, Ac = 3000 µm2 for coupling between the LP01 and LP11 modes. These values yield a 
mode transfer length of 1.1 m in good qualitative agreement with, although somewhat shorter 
than, the previously reported result [28]. The approximate treatment presented here neglects 
confinement of the doped region to the center of the core furthermore it does not account for 
the changing power in the two modes. It can be useful however in predicting when this source 
of coupling may be an issue. 

One interesting observation regarding the two types of modal coupling discussed above is 
that large effective index spacing between modes mitigates bending induced mode coupling 
but not coupling caused by interference. In light of these general observations, a specific 
candidate fiber design is now considered. 

3. Fiber design 

Given that a relatively sharp increase in loss with wavelength is required to achieve 
simultaneously low first Stokes loss and high second Stokes loss the third bandgap was 
chosen to guide the first Stokes. While higher order bandgaps are more susceptible to 
bending-induced loss variability this is less of an issue for laser fibers that can be arranged 
deliberately to control the bending radius along the length in contrast to telecommunications 
fibers that must tolerate a range of configurations. Based on prior reported results [16–18] it is 
evident that a Δn value of ~0.03 and an inclusion diameter d of ~10 µm will place a pure silica 
core defect mode in the 3rd bandgap at a 1.683 µm wavelength. 
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Fig. 1. Solid-core photonic bandgap fiber incorporating parabolic graded-index inclusions. 
Darker regions represent higher refractive index. The inset shows the index profile of each 
inclusion. 

Furthermore, the candidate design incorporates GRIN inclusions arranged in a triangular 
lattice. The maximum index increase over background is 0.0342 and the diameter of the 
doped regions is 10.4 µm. The lattice pitch is 20 µm resulting in a diameter to pitch ratio of 
0.52. The central core is formed by the omission of 7 inclusions. While this causes multiple 
transverse modes to be guided, the alternative of shrinking the core would reduce the 
maximum output power due to the bulk optical damage threshold while increasing the pitch 
would lead to an unacceptable amount of confinement loss [30]. Therefore this design is not 
inherently single-mode and effectively single-mode operation may or may not be possible. 
The cladding incorporates three complete rings of defects and one incomplete ring to better fit 
within a uniform diameter pump cladding. Figure 1 depicts the fiber cross section. 

This design was optimized for loss at the second Stokes wavelength of 1.818 µm by 
varying the maximum index increase and calculating confinement loss using a fully-vectorial 
finite element method based on curvilinear linear tangential, quadratic nodal hybrid elements 
with perfectly matched layer boundary conditions [31,32] to construct the finite element 
matrices K and M defining the generalized eigenproblem 

  2 0.  K M  (11) 

In this equation  is the propagation constant and is the finite element state vector defining 
the nodal and tangential electric field values. The confinement losses were then calculated 
from β. A structured mesh preserving the symmetry of the fiber with uniform density across 
the entire integration domain was used. Equation (11) was then solved using a freely-available 
parallel computational library for the solution of large sparse eigenproblems [33]. The 
effective modal index of the core and the confinement loss as a function of wavelength are 
shown in Fig. 2. At the target first Stokes wavelength of 1.683 µm, the confinement loss is 1.2 
× 104 dB/m while within a range of wavelengths spanning 17 nm near the second Stokes gain 
peak the loss is approximately 10 dB/m. The non-linear effective area of the fundamental 
mode is 1670 µm2 with a mode field diameter of 46 µm. Although the range of wavelengths at 
which suppression occurs does not span the entire range between the first and second Stokes 
gain peaks, incorporating heterogeneous inclusions in the fiber cladding has been shown to 
enable combining the filtering properties of each of the inclusion types [34]. Applications 
requiring suppression of this entire wavelength range call for further investigations of 
SCPBGF with an appropriate spread of inclusion sizes. 
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Fig. 2. Plots of the calculated effective index and confinement loss of the fundamental mode of 
the fiber as a function of wavelength. Insets depict the logarithmic intensity profile at the signal 
wavelength of 1.683 µm and the wavelengths 1.814 µm and 1.826 µm near the upper band 
edge. 

 
Fig. 3. Photonic band structure of the candidate fiber design sampled at a discrete set of wave 
vectors describing the Bloch states of the periodic lattice. The blue line represents the index of 
the silica background at 1.683 µm and the red line represents the index of the fundamental 
guided core mode at wavelengths spanning 1.6 µm - 1.86 µm. The insets depict the intensity 
profiles of the cladding modes bounding the guided mode. 

To facilitate comparison with a prior related publication [16], the material dispersion 
contribution was subtracted from the effective index values. The rapid increase in loss near 
the band edge is particularly significant and effectively serves as a cutoff wavelength for the 
second Stokes. The wavelength of this cutoff can be controlled by scaling the geometry of the 
fiber structure. The ideal wavelength will depend on the bandwidth of the first Stokes signal. 
For narrow signals, the cutoff should be at a higher wavelength to minimize the first Stokes 
loss. For broad signals, the cutoff should be at a lower wavelength to create loss across a 
significant portion of the Raman gain spectrum near the second Stokes wavelength. The 
jumps in effective index near the wavelengths of 1.818 µm and 1.835 µm suggest that the 
mode is guided in successively lower order bandgaps above these wavelengths. 

To analyze the photonic band structure of the PBG cladding, fully-vectorial eigenmodes of 
Maxwell's equations with periodic boundary conditions were computed by preconditioned 
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conjugate-gradient minimization of the block Rayleigh quotient in a planewave basis, using a 
freely available software package [35]. Figure 3 shows the relationship between the effective 
index of the guided fundamental mode and the cladding modes for a range of wavelengths. 
The band structure thus obtained confirms that the loss increases as the fundamental guided 
core mode approaches the band edge. The high losses at wavelengths beyond 1.820 µm occur 
as the mode is guided in a minor gap within the band between the second and third primary 
band gaps. The discontinuity in the effective index occurs at the red edge of the band. 

 
Fig. 4. Calculated band structure for triangular lattices of parabolic GRIN inclusions (a) and 
step-index inclusions (b). The properties of the GRIN inclusions match those of the SCPBGF 
described above. The properties of the step-index inclusions were chosen to place the red edge 
of the third band-gap at approximately the same place as the GRIN-based fiber. 

At wavelengths beyond 1.840 µm the core and cladding modes are approximately 
degenerate rendering core mode loss an ill-defined quantity. The upper and lower numerical 
apertures relative to the cladding mode indices [30] at 1.683 µm are 0.066 and 0.054 
respectively yielding V parameters of 5.7 and 4.6 confirming that the fiber is multi-mode. 
Evaluating Eq. (7) yields an adiabatic mode coupling limit of 2250 m2 on the radius of 
curvature change rate for this fiber. 

It is interesting to compare the photonic band structure of the GRIN-type SCPBGF to that 
of a SCPBGF with step-index (SI) inclusions. Figure 4 shows the band structure in the 
neighborhood of the third bandgap for fibers of each type. The gaps for the SI-type fiber are 
not as broad and the bands are broader relative to the GRIN-type fiber. This demonstrates that 
inclusions with approximately the same diameter and index step can exhibit significantly 
different band structure leading to different guiding properties. A comprehensive comparison 
between SI-type and GRIN-type SCPBGF, though perhaps warranted, is outside the scope of 
this paper. 

The fiber must be coiled to some reasonable diameter for use in a practical device. The 
two primary concerns for coiling large-mode-area fibers are excessive fundamental mode 
bend loss that causes low efficiency and mode field distortion that reduces the effective area 
thus lowering the power handling capacity. The bend-induced confinement loss increase and 
mode field area decrease were investigated using the finite element scheme discussed above. 

One previously discussed method of treating the effects of coiling is to employ the 
equivalent straight waveguide (ESW) approximation [16,36]. In the calculations presented 
here, the refractive index tensor is modified due to coiling-induced stress, and the absorbing 
boundary conditions. Therefore it is found more convenient to keep the original index profile, 
modify the trial solution to describe propagation in a curved fiber 

 ( , , , ) ( , ) exp 1
x

E x y z t f x y i z t
R
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and employ the finite element method to solve for the field profile at z = 0. The validity of 
this procedure stems from the fact that no modification of the optical wave equation occurs 
due to the substitution specified by Eq. (12), the observation that this functional form 
maintains the orientation of the optical phase relative to the curved fiber, and the local nature 
of the optical wave equation. This method for calculating the bending loss also does not 
require further artificial manipulation of the effective index profile beyond the caustic radius 
[36]. Furthermore, it has also been verified against published experimental and theoretical 
results for bending losses in step index fibers [36]. 

 
Fig. 5. Confinement loss and effective area as a function of inverse bending radius at 1.683 µm 
wavelength. 

Figure 5 shows the bend-induced confinement loss and mode field area as a function of 
inverse bending radius. It is evident that larger coils are beneficial for both power and 
efficiency. The maximum tolerable coil diameter will then be restricted by packaging 
considerations. If a 2 meter diameter is acceptable, then the mode field area will be reduced 
by less than 1% while the confinement loss will increase to only 0.2 dB/km. The loss near the 
second Stokes wavelength also increases with bending. 

The inner-cladding should be as small as possible to provide maximum pumping intensity 
for a given available pump power. The size is limited by the requirement for this cladding to 
accommodate the PBG structure. The diameter of the PBG structure is approximately 200 µm 
as shown in Fig. 1 therefore a pump clad diameter of 250 µm is sufficient to contain the entire 
structure leaving some room to ease the fabrication process. A fluorosilicate glass outer 
cladding is assumed resulting in a pumping numerical aperture of 0.30. In summary, the 
proposed fiber has a core diameter of 46 µm with a 0.054 numerical aperture and a pump 
cladding of diameter 250 µm with a 0.30 numerical aperture. 

4. Amplifier simulation 

A SCPBGF CPRFA incorporating the fiber described above in a co-pumped configuration is 
considered. The coupled set of differential equations describing this system is [8] 
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In these equations, P denotes power, z is propagation distance, α is loss, g0 is the Raman 
gain coefficient in pure silica, g1 is the Raman gain coefficient in the germanosilicate 
inclusions, A is area, and λ is wavelength. The subscript p denotes the Raman pump, s1 the 
first Stokes signal in the core, s1c the first Stokes signal in the inclusions, s2 the second 
Stokes signal in the core. The subscripts cl and co refer to the cladding and the core 
respectively. The pump and first Stokes signal are assumed to be launched with a given power 
in the cladding and core respectively while the second Stokes in the core and the first Stokes 
in the inclusions build up from noise. The effective seed power in this case is taken to be the 
product of the energy of one Stokes photon and the Raman gain bandwidth [39]. The 
bandwidth of the seed source is assumed to be broad enough that stimulated Brillouin 
scattering does not affect the operation of the amplifier. Finally counter-pumped Stokes waves 
are neglected as discussed below. 

One prominent feature of the fiber discussed here is that to accommodate the guiding 
structure, the pump cladding diameter must be approximately 250 µm. This large value 
reduces the pump intensity. This leads to long fibers or high required pump powers. 
Additionally, the length of large diameter fiber that can be manufactured within tolerance 
from a single pre-form is limited. In one case, a 387 meter long draw was achieved [18]. A 
practical fiber length limit of 500 meters is assumed here. The effective Raman gain 
coefficient in the core is taken to be 3.2 × 1014 m/W based on scaling the value at a 1 µm 
wavelength [39] for the pump wavelength of 1.567 µm and the un-polarized pump (factor of 
0.5 [39]). The Raman gain coefficient in the cladding inclusions is taken to be 6.3 × 1014 
m/W based on a prior reported value [8]. Furthermore, the modes within the inclusions are 
well confined so that their amplification is governed only by this second Raman gain 
coefficient. The total confinement and material loss within the core at 1.683 µm is 1 dB/km 
while at 1.818 µm it is 10 dB/m based on the finite element calculations. Pump loss is 2 
dB/km and loss for the fundamental mode guiding in the cladding structure is 0.2 dB/km. The 
first Stokes in the inclusions is shifted by 425 cm1 from the pump resulting in a 1.679 µm 
wavelength. A seed power of 10 W provided by a core-pumped fiber Raman oscillator is 
presumed. Additionally, fundamental mode propagation within the core is assumed. 

Equation (13a)-(13d) were solved using a Runge-Kutta numerical method for a range of 
launched pump powers. The results are summarized in Fig. 6. According to these calculations, 
the launched pump power must be several tens of kilowatts in order to obtain good efficiency. 
A scheme for combining 637 individual pump sources using fused fiber bundles has been 
reported [37]. To reach 50 kW of total pump power, such a scheme would require 79 W from 
each source. While this would be very challenging to accomplish with single-emitter diode 
pump sources it is relatively easy to achieve with STM fiber lasers. If 100 W were available 
from a STM pump source, then brightness conservation would limit the maximum available 
pump power to 565 kW according to Eq. (1); however, this would require the combination of 
5,650 individual sources. Combining such a large number of fibers may prove to be 
impractical, in which case the engineering of fused fiber combiners would determine the true 
limit. 

As the pumping power is increased the maximum heat load increases as well. The 
maximum heating occurs along the fiber where the pump is being depleted most rapidly. In 
the absence of sufficient seed power, spontaneous Raman scattering is amplified in the 
cladding structure first by virtue of its higher Raman gain coefficient thus depleting the pump 
and preventing amplification in the core. 
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Fig. 6. Simulation results for a SCPBGF CPRFA including the evolution of pump and signal 
over the length of the fiber (a), peak first Stokes power (b), optimum fiber length (c), maximum 
heat load (d), location along the fiber of the maximum heat load (e), and optical conversion 
efficiency (f). All results take into account the trapping of 8% of the pump power within the 
cladding structure. 

Furthermore, the high loss at the second Stokes wavelength enabled the by the SCPBGF 
completely suppresses amplification at this wavelength. At the highest launched pump power, 
the first Stokes power in the inclusions that has built up from noise is calculated to be 265 W 
representing a small fraction of the total output power. The counter-propagating first Stokes 
power in the inclusions is even weaker due to the much lower pump power at the output end 
of the fibers therefore it is omitted in the solutions of Eq. (13a)-(13d). 

Typically a shooting algorithm would be used to treat the counter-propagating second 
Stokes [9] seeded by spontaneous Raman scattering. In the present case however, the 
suppression of the second Stokes by the fiber is so strong that the counter-propagating Stokes 
field is so weak at the pumped end of the fiber that its representation in the computer program 
would be below the minimum double precision real value. Rather, the worst case scenario of 
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the second Stokes being pumped by the full output value of the first Stokes was considered to 
see if the second Stokes can be amplified. Using Eq. (13d) this condition may be expressed 

 
 0 s1

s2
co

.
g P L

A
   (14) 

Evaluating this at the maximum calculated output power of 85 kW yielded 7 dB/m of required 
second Stokes attenuation. 

For such high pump powers, heating of the fiber can become an issue even for such long 
fibers. An upper limit on the heat generated in the fiber is given by the total optical power lost 
per unit length from the four signals described by Eq. (13a)-(13d). The maximum value and 
the position along the fiber at which this maximum occurs are shown in Fig. 6(d) and Fig. 
6(e). The heating obtained by this method overestimates the true deposited heat because it 
assumes all loss is converted to heat while some signal loss, such as confinement loss and 
Rayleigh scattering, transfers power optically. 

It is also important to consider possible temperature-induced radial refractive index profile 
perturbations within the inclusions due to additional absorption caused by the varying 
germanium doping level. The doping adds approximately 0.1 dB/km of additional loss over 
pure silica. The For 110 kW of pump power evenly distributed throughout the pump cladding, 
this amounts to 0.004 W/m of additional heat load in each inclusion. Comparison to a prior 
thermal study of fiber lasers indicates that the index profile perturbation due to this heat load 
is negligible [38]. Quantum defect heating caused by Raman process concentrates the heat 
load in the core. In this case, the temperature profile assumes a maximum value in the center 
of the core and decays rapidly within the core heating region and then more gradually 
throughout the cladding [38]. The predicted maximum heating of 130 W/m is far below a 
previously reported thermal lensing threshold [1]. 

 
Fig. 7. Calculated material and total dispersion for the fundamental core mode of the fiber. 

The temperature induced refractive index change may be enough to induce coupling to the 
LP11 mode through the modal interference mechanism. In this case, the broad signal spectrum 
as well as the temporal fluctuations typical of such spectra may degrade or destroy the 
interference. The maximum optical power density at 85 kW of first Stokes continuous-wave 
(CW) power in the core is 51 W/µm2. The author is not aware of any results in the literature 
for the CW optical damage threshold of pure fused silica for wavelengths near 1.7 µm. This 
threshold is likely determined through absorption heating caused by impurities [40]. The pure 
fused silica core of the SCPBGF can be manufactured with fewer impurities compared to 
doped-core fibers which have been shown to permit at least 13 W/µm2 (2 kW CW in a 14 µm 
mode field diameter beam) [1]; therefore it is reasonable to expect that higher CW intensities 
are possible in an un-doped core. Incorporation of this type of fiber into a Raman oscillator 
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may be complicated by the fact that the higher gain modes within the cladding inclusion 
structure may reach threshold before the core mode depending on how the cavity reflectors 
are configured. 

At such high intensities the third order nonlinearity of the fused silica may cause spectral 
broadening through self phase modulation, cross phase modulation, and four wave mixing. If 
a single frequency seed source is considered, the anomalous dispersion of the guided core 
mode gives rise to modulation instability [39] however as previously mentioned the seed 
source must be broad enough to mitigate SBS. The calculated dispersion of this fiber is shown 
in Fig. 7. For wavelengths near the center of the band gap, the waveguide contribution to the 
dispersion is negligible as expected for a weakly guiding fiber. At the first Stokes wavelength 
the total dispersion is slightly higher than the material dispersion. Approaching the band gap, 
the total dispersion rises severely as the waveguide contribution begins to dominate. 

Techniques developed to treat continuous wave fiber supercontinuum sources apply to the 
present situation. The main differences are that the spectrum of the first Stokes is too narrow 
to cause intra-pulse Raman amplification of spontaneously generated solitons and the ~50 nm 
width of the Raman gain spectrum limits the maximum amplified spectral width. CW 
supercontinuum generation is highly dependent on the characteristics of the pump, which in 
the present case corresponds to the first Stokes seed [41]. This suggests that the temporal and 
spectral characteristics of the seed source may be optimized to mitigate broadening of the 
signal. Optical power that is shifted outside of the Raman gain bandwidth may still be guided 
within the core as long as it remains within the band gap. Optical power that is shifted outside 
of the bandgap is lost into cladding modes thus reducing the power in the core. Ultimately 
such non-linear effects will lead to some additional efficiency loss. A computational analysis 
of non-linear spectral broadening in SCPBGF, though beyond the scope of this paper, may be 
required in the future. 

5. Conclusion 

Solid core photonic bandgap fibers incorporating graded index inclusions enable robust 
suppression of the second Stokes wavelength in the core of cladding-pumped Raman fiber 
amplifiers enabling efficient optical conversion of the pump to the first Stokes wavelength. 
Additional requirements for realizing such amplifiers include high power single mode pump 
sources, an efficient method of launching the pump and seed, careful attention to the 
packaging of the fiber, and very low optical loss in the fiber. An amplifier simulation 
incorporating this type of fiber exhibited an output power of 85 kW with 78% optical 
conversion efficiency under realistic assumptions. 
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